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Abstract
The Ontario Winter Lake-effect Systems (OWLeS) Project collected a wealth of data on several lake-effect
storms in the vicinity of Lake Ontario during the winter of 2013–14. Of all lake-effect band archetypes, long-
lake-axis-parallel (LLAP) bands are the most intense, bringing the highest snowfall rates and greatest snow
totals. Numerous previous studies have revealed convergence zones owing to secondary circulations within
these bands. Horizontal shear along these convergence zones yields vortex sheets that can break into discrete
misovortices, likely through horizontal shearing instability (HSI). These misovortices then can strengthen or
be maintained via stretching by the band updrafts. Recent analysis of a single case from OWLeS documented
a string of misovortices within a LLAP band and determined that all of the misovortices and wind shifts were
cyclonic and that HSI was likely the primary method of vortex formation in that particular band. Herein,
we perform similar analyses on several additional LLAP bands that occurred during OWLeS to investigate
the robustness of these conclusions.
Our analyses, utilizing single-Doppler WSR-88D observations and dual-Doppler wind syntheses of mobile
radar data reveal that most of the wind shifts within the LLAP bands were cyclonic, but that anticyclonic
shear zones and misovortices also exist. It was found that anticyclonic shear zones only form owing to the
ingestion of land breeze circulations from the southern shore of Lake Ontario, however. To evaluate the
presence of HSI, Rayleigh’s and Fjørtoft’s instability criterions were analyzed, and it was found that both
criteria for HSI are satisfied along the wind shifts within the bands while vortices were present, meaning
that HSI is likely the dominant mechanism of vortex formation in these bands as well. Instances of cyclonic-
anticyclonic vortex couplets are also observed in some of the bands, but their orientation is not consistent
with the tilting of horizontal vorticity in a westerly shear regime.
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During the late fall and early winter, continental polar air masses frequently overspread the Great Lakes
Region of North America behind synoptic cold fronts. When these air masses travel over the relatively warm,
ice-free lakes, sensible and latent heat fluxes from the lake surfaces to the atmosphere steepen boundary
layer lapse rates and moisten the near-surface layer, destabilizing the lower atmosphere. The convection
that results often organizes into bands that can be advected over the downwind shores of the lakes, resulting
in significantly higher annual snowfall totals in these areas compared to their surroundings (e.g., Markowski
and Richardson 2010, p 93–94).
Niziol et al. (1995) classified these lake-effect snow events into five types based on their lake-relative
orientation, formation mechanisms, and morphology (Fig. 1.1). Type-I snow bands (Fig. 1.1a) typically
form owing to prevailing wind flow parallel to the long axis of an elliptical lake, giving rise to a single,
often intense band of precipitation (formation mechanisms are discussed below). Type-II (Fig. 1.1b) bands
form when the prevailing wind flow is parallel to the short axis of an elliptical lake, leading to multiple, less
intense bands of precipitation owing to a shorter fetch, or the distance air travels over water. Type-III, or
multiple-lake bands (Fig. 1.1c), form as modified boundary-layer air and residual convergence zones from
upstream lakes are advected over downwind lakes. Type-IV bands (Fig. 1.1d) form due to land breezes
that arise from shoreline geometry and lake-scale temperature and wind gradients. Lastly, Type-V bands
(Fig. 1.1e) are mesovortices which often form owing to latent heat release and shoreline geometry.
Of the band types outlined by Niziol et al. (1995), Type-I, or long-lake-axis-parallel (hereafter called
LLAP; Steiger et al. 2013) bands are often the most intense, with the heaviest snowfall rates and highest
storm-total snowfall. As stated above, LLAP bands form in environments in which the prevailing flow
is parallel to the long axis of a lake, allowing for greater warming and moistening of the near-surface air
as a result of a longer fetch. The greater the temperature difference between the lake surface and the
overlying air, the greater the potential for more intense convection. A difference of at least 13◦C between
the lake surface temperature and the 850 hPa air temperature is used to forecast lake-effect band formation
(Rothrock 1969; Holroyd 1971). LLAP bands also require environments with unidirectional winds, as the
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Figure 1.1: GOES visible satellite imagery depicting a) Type-I, b) Type-II, c) Type-III, d) Type-IV, and e)
Type-V bands over the Great Lakes Region. State and lake political boundaries are depicted by the dotted
lines while the bands are denoted by the arrows and smaller capital letters. From Niziol et al. (1995).
2
presence of directional shear proves detrimental to band organization (Niziol et al. 1995). Additionally, areas
of synoptic-scale ascent are favorable for band formation, as synoptic lift raises the height of the post-frontal
inversion layer, allowing for deeper boundary layer convection (e.g., Mulholland et al. 2017). Within LLAP
bands, a transverse secondary circulation forms as positively-buoyant air rises and air from the sides of the
band converges beneath it, fostering an in-up-and-out circulation throughout the depth of the boundary
layer (Steiger and Ballentine 2008).
Recent research has focused on the Eastern Great Lakes Region, where the climatological occurrence of
LLAP bands is higher (Kristovich and Steve 1995; Steiger et al. 2013). The Long-Lake-Axis-Parallel project
(Steiger et al. 2013) in the winter of 2010-2011 aimed to study the fine-scale structure of LLAP bands and
the microphysical processes that occur within them. In-band observations were primarily obtained with
a Doppler on Wheels (DOW; Wurman et al. 1997; Wurman 2001) mobile dual-polarimetric radar. The
benefits of the DOW were twofold: 1) The DOW allowed for low-level observation of LLAP bands as the
shallow bands are sometimes overshot by the nearest Weather Surveillance Radar-1988 Doppler (WSR-88D)
at Montague, New York (KTYX), as it resides on a hill approximately 475 m above the lake surface and
2) the DOW permitted fine-scale observations of the snow bands, as the horizontal resolution of radar data
decrease with distance. The exploratory project proved fruitful, as seven lake-effect events were sampled
between December 2010 and February 2011, with four of these being LLAP bands. The DOW observations
revealed the presence of multiple bounded weak echo regions and weak echo holes associated with updrafts as
high as 1 km above ground level (AGL). Outflow boundaries originating from and propagating outward from
the bands were also observed. Researchers also noted the presence of mesovortices and misovortices within
the LLAP bands. The misovortices (D = 40–4000 m) were located coincident with north-south horizontal
reflectivity gradients and horizontal shear zones, and formed in regularly-spaced intervals ranging from 1–3
km. An example of lake-effect misovortices similar to those seen in the LLAP project are shown in Fig. 1.2.
Given similar misovortex structure along horizontal shear zones in other observational (e.g., Marquis et
al. 2007) and modeling studies (e.g., Lee and Wilhelmson 1997), it was hypothesized that horizontal shearing
instability (HSI) was the primary method of vortex formation. This hypothesis could not be tested, however,
due to a lack of dual-Doppler (DD) observations, as only one DOW was used for the project.
A much larger field campaign occurred during the winter of 2013–14, the Ontario Winter Lake-effect Sys-
tems Project [OWLeS; Kristovich et al. (2017)]. OWLeS was the first project to extensively study lake-effect
snowstorms using multiple mobile radars (the DOWs), soundings, surface weather stations, instrumented
aircraft [the University of Wyoming King Air (UWKA) aircraft with onboard cloud radar and lidar], and
microphysical probes, with the goals of examining the mesoscale and microscale physical processes within
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Figure 1.2: DOW6 0.4◦ elevation scan of (a) radial velocity (m s−1) and (b) reflectivity (dBZ) at 0124
UTC 16 Dec 2013. Range rings are plotted every 15 km and azimuth angles are plotted every 30◦. The
misovortices (left) and co-located reflectivity gradient (right) are denoted by the black boxes.
these storms, topographical influences on snowfall, and planetary boundary layer fluxes, as well as obtaining
in-situ hydrometeor observations (Kristovich et al. 2017). The project encompassed 24 intensive observation
periods (IOPs), whereas 8 were originally planned, as the early-winter synoptic pattern favored multiple
lake-effect snow events over the Great Lakes owing to persistent longwave troughing and frequent cold air
outbreaks (Fig. 1.3), providing sufficiently cold 850 hPa temperatures for lake-induced instability.
Analysis of data collected during the OWLeS project has already provided many new insights into lake-
effect storms. Bergmaier et al. (2017) studied the structure of the secondary circulation within a LLAP band
from IOP-2b using UWKA flight transects. They found that the transverse circulation was centered on the
updraft within the band and that it intensified toward the downwind shore, with only gradual weakening
inland. Further analysis of airborne radar data revealed solenoidal forcing within the circulation, likely
owing to latent heat release. Through Weather Research and Forecasting (WRF) model simulations, they
also found that the band formed owing to land-breeze fronts and differences in friction between the Lake
Ontario and its southern shore. Work by Steiger et al. (2018) investigated storm electrification during
IOP-7, which produced the most lightning flashes of any of the lake-effect storms during OWLeS. They
found that the environment during IOP-7 featured a deeper boundary layer and greater instability than
other environments during the project. They also found that man-made objects were pivotal in initiating
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Figure 1.3: NCEP/NCAR Reanalysis depicting (a, c) the mean monthly 500 hPa geopotential height (m)
and (b, d) 850 hPa air temperatures (◦C) during (a, b) December 2013 and (c, d) January 2014 over North
America. Heights are contoured every 100 m and temperatures are contoured every 2.5◦C. The mean 500
hPa trough axes are marked by the black dashed lines and the location of Lake Ontario is marked by the
blue stars.
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lightning strikes, as 45% of the lightning from IOP-7 occurred near wind turbines and antennas, with no
lightning recorded over Lake Ontario. Additionally, Bergmaier and Geerts (2016) studied lake-effect bands
that formed over the Finger Lakes of New York during IOP-17. Using the UWKA radar, they observed
a pair of thin (5 km wide) and shallow (1 km deep) LLAP bands over Seneca and Cayuga Lakes, finding
updrafts of 2–3 m s−1 or greater within the bands. Well-defined secondary circulations were observed as
well, much like those in larger LLAP bands over Lake Ontario.
A total of 12 LLAP events were documented during the OWLeS project, with 11 of the 12 exhibiting
lines of misovortices. The strategic placement of the DOWs formed dual-Doppler (DD) lobes over Lake
Ontario, allowing for the construction of DD wind syntheses. From these, conclusions about the structure
and formation mechanisms of the misovortices could be drawn. Mulholland et al. (2017) constructed DD
wind syntheses and performed a Weather Research and Forecasting (WRF) model simulation on an intense
LLAP band from IOP-7 that exhibited persistent lines of misovortices for a significant portion of its life cycle.
The DD wind syntheses revealed that the misovortices within this band were co-located with the ascending
branch of the transverse secondary circulation, evidenced by vigorous updrafts and a sharp north-south
reflectivity gradient. The misovortices were up to 2 km deep, cyclonic, and generally discrete; they rarely
interacted or merged. Mulholland et al. (2017) also tested the hypothesis that HSI was the primary formation
mechanism for LLAP band misovortices by assessing two instability criteria: Rayleigh’s and Fjørtoft’s. Both
criteria were satisfied within the shear zones along which the vortices developed, meaning that HSI was the
likely formation mechanism of these vortices. They also found a lack of anticyclonic-cyclonic vortex couplets
throughout the event, suggesting that the tilting of horizontal vorticity into the vertical was likely not
a significant driver in vortex formation, and that the cyclonic shear zone within the band yielded cyclonic
vortices, further suggesting the presence of HSI. Furthermore, WRF model simulations of the event produced
a band with a cyclonic shear zone and similarly-structured misovortices. The HSI criteria were also satisfied
along the shear zone within the simulated band.
While Mulholland et al. (2017) extensively studied the LLAP band from IOP-7, misovortex formation and
morphology from the remaining LLAP IOPs remain relatively unexamined. The HSI hypothesis, supported
by data from this one band, is in need of further support with additional DD observations. The signs
of these vortices must also be assessed, as vortices of the same sign as their accompanying shear zone
further strengthen the HSI hypothesis, while helping to refute the competing hypothesis that tilting of
horizontal vorticity into the vertical is the primary vortex formation mechanism. Additionally, the possibility
of anticyclonic shear zones and misovortices must be further investigated. Furthermore, it is important to
expand our overall understanding of these misovortices, as they are often associated with localized wind speed
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maxima and sharp snowfall gradients. The research herein builds upon that of Mulholland et al. (2017) and
aims to determine whether HSI was the primary misovortex formation mechanism in the remaining LLAP
bands observed during the OWLeS Project and to discuss the morphology of these vortices. Chapter 2
outlines the data and methods used during this study, Chapter 3 discusses the synoptic and mesoscale
environments present during the IOPs via observational, model, and WSR-88D data, Chapter 4 presents





Kristovich et al. (2017) classified the lake-effect band types during each IOP of the OWLeS project and con-
cluded that 12 of the 24 IOPs were LLAP events (Table 2.1). Using this information and data available from
the OWLeS Field Catalog (http://catalog.eol.ucar.edu/owles) as a guide, WSR-88D data from Montague,
NY (KTYX), were acquired from the National Centers for Environmental Information (NCEI) NEXRAD
inventory for each LLAP IOP. DOW data from DOW6 and DOW7 were collected for smaller time periods
of interest from the Center for Severe Weather Research (CSWR). Data from IOPs 13 and 15 were excluded
from analysis as the KTYX radar was non-operational during these events, meaning that the band could
not be surveyed to determine times when DD observations were most warranted. IOP-7 was excluded from
analysis in this study, as Mulholland et al. (2017) had studied it extensively with DD observations. DOW8
data were not utilized in this study as it operated at significantly lower power than the other DOWs. DOW6
and DOW7 data were also sometimes not available owing to mechanical failure. There were also instances
when DD lobes could not be formed. All of these factors led to the exclusion of IOPs 9, 19, 22, and 24 from
DD analysis. Finally, a single, strong LLAP band failed to form during IOP-1, so this case was also omitted
from DD analysis. Thus, IOPs 2b, 3, 4, and 5 were used for DD analysis in this study. Table 2.2 summarizes
time periods when DD wind syntheses were performed during these four IOPs. These time periods were
chosen based upon the availability of DOW data, the presence of misovortices, and their position within DD
lobes.
8
OWLeS IOP Duration (in UTC) and date of the IOP Analyzed using WSR-88D data Analyzed using DD lobe
1 1600–2300 UTC 7 Dec 2013 X
2b 2300 UTC 10 Dec 2013–0200 UTC 12 Dec 2013 X X
3 2100 UTC 12 Dec 2013–0700 UTC 13 Dec 2013 X X
4 2040 UTC 15 Dec 2013–0700 UTC 16 Dec 2013 X X
5 1600 UTC 18 Dec 2013–0000 UTC 19 Dec 2013 X X
7* 2100 UTC 6 Jan 2014–2230 UTC 7 Jan 2014
9 0100–1600 UTC 9 Jan 2014 X
13 2200 UTC 18 Jan 2014–0300 UTC 19 Jan 2014
15 0500–1200 UTC 20 Jan 2014
19 0500–1400 UTC 24 Jan 2014 X
22 2300 UTC 27 Jan 2014–1900 UTC 28 Jan 2014 X
24 1700–1930 UTC 29 Jan 2014 X
Table 2.1: IOPs that featured LLAP bands during the OWLeS Project. The asterisk denotes the IOP
studied by Mulholland et al. (2017).
Candidate IOPs DD analysis time periods
2b 0127–0144 UTC 11 Dec 2013
2104–2120 UTC 11 Dec 2013
3 0350–0407 UTC 13 Dec 2013
4 2340–2357 UTC 15 Dec 2013
0117–0134 UTC 16 Dec 2013
0520–0537 UTC 16 Dec 2013
5 2310–2327 UTC 18 Dec 2013
Table 2.2: IOPs selected for DD analysis with their related DD analysis time periods.
2.2 WSR-88D Observations
Radar data from KTYX depict a mesoscale view of the LLAP bands that formed over central Lake Ontario
and moved eastward into the OWLeS domain. Gibson Ridge Level 2 Analyst (GR2Analyst) software was
used to display these data. Before analysis could be performed, color tables were edited to make the vortices
more easily identifiable because the cross-vortex wind differential (∆V ) within the misovortices was as small
as 10 knots, sometimes making them difficult to discern from the background flow. To remedy this, color
tables were chosen such that the winds on the opposite sides of the vortices appeared as two different colors.
Once the base velocity color tables were suitable, the radar data were analyzed for each IOP based upon the
following criteria: 1) band mode (a solid band or cellular convection), 2) shear zone sign, 3) band-relative
updraft location, 4) whether land-breeze fronts were present, 5) vortex sign, and 6) whether the vortices
formed in lines or were singular. Once this analysis was complete, shorter time periods (around 15 to 17
minutes in duration) were chosen for closer investigation via dual-Doppler wind syntheses (Table 2.2).
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DOW6 DOW7
Frequency (GHz) 9.55 9.5
Pulse repetition frequency (Hz) 2000/2500 2000/2500
Nyquist velocity (m s−1) 78.47 78.89
Gate length (m) 60 60
Transmitter pulse (ns) 400 400
Half-power beamwidth (◦) 0.5 0.5
Maximum range (km) 60 60
Elevation angles (◦) 0.4–16.5 0.4–16.1
Table 2.3: DOW6 and DOW7 radar specifications used for the OWLeS project. Elevation angles reflect the
lowest and highest elevation angles used over all IOPs.
2.3 DOW Radar Data Editing and Dual-Doppler Specifications
Fine-scale radar observations of lake-effect snow bands were collected by DOW6, DOW7, and DOW8 during
the OWLes Project. While Mulholland et al. (2017) used DOW6 and DOW8 for their study, DOW radar
data from DOW6 and DOW7 were used in this study, with both having the added benefit of a longer range
and dual-polarization (specifications for both radars are listed in Table 2.3).
In order dual-Doppler wind syntheses to be constructed, data from DOW6 and DOW7 had to be quality
controlled to remove bad data and then objectively analyzed. The data were edited using NCAR Solo3
software (Bell et al. 2013). Editing began with the removal of noise from the velocity field using normalized
coherent power (NCP; Dixon and Hubbert 2012). Areas of low signal were removed by thresholding on
an NCP value below 0.3. Special care had to be taken near misovortices, they often exhibited low NCP
values owing to their turbulent nature. After noise was removed, non-meteorological scatterers were removed
by thresholding on the cross-polar correlation coefficient [ρHV ; Fabry (2015), p 99–101] below 0.85, which
roughly corresponds with the National Weather Service (NWS) ρHV operational threshold for discerning
meteorological scatterers (NWS Louisville and WDTB 2015). Using this correlation coefficient threshold,
sea and ground clutter (e.g., buildings and trees) along the shoreline of Lake Ontario were removed. Any
remaining non-meteorological scatterers or spurious data were removed manually.
Objective analysis and DD wind synthesis parameters used in this study roughly mimic those of Mul-
holland et al. (2017; Table 2.4). The edited radar data were plotted onto a 50 km × 50 km × 2.5 km
Cartesian grid using a two-pass Barnes interpolation method (Barnes 1964) and a second-pass parameter γ
of 0.3 (Majcen et al. 2008). The vertical and horizontal grid spacing is 250 m, owing to recommendations by
Pauley and Wu (1990) who suggested ∆x, ∆y, ∆z = 5δ/12, where δ = (radar beamwidth)(π/180o)(X), and
where X is the greatest distance (in kilometers) from a radar to a feature of interest. The Barnes smoothing
parameter was set to K = (1.33δ)2 (Pauley and Wu 1990). The horizontal smoothing parameter, KH , is
0.747 km2 and the vertical smoothing parameter, KV is 0.400 km
2. Additionally, an advection correction
had to be applied because the bands were advected by the background wind flow as volume scans were
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Objective Analysis Parameters
Domain size (km) 50×50×2.5
Horizontal and vertical grid spacing (m) 250
Interpolation method Two-pass Barnes
Horizontal (KH) and Vertical (KV ) smoothing parameters (km
2) 0.747, 0.400
Second-pass convergence parameter (γ) 0.3
Map projection Flat earth
Table 2.4: Objective analysis parameters used.
completed. Motion vectors for the misovortices were calculated from WSR-88D data.
Three DD lobes were utilized based on the position of the DOWs (Fig. 2.1). One DD lobe was centered
over far eastern Lake Ontario, when DOW6 was positioned at Rainbow Shores, NY, and DOW7 was posi-
tioned at Southwick Beach, NY (hereafter called DD Lobe 1.1). During IOP-5, the position of DOW7 was
farther inland and slightly elevated on a hill near Ellisburg, NY (DD Lobe 1.2). The third DD lobe was
centered over southeastern Lake Ontario with DOW6 positioned at Fair Haven, NY, and DOW7 positioned
in Oswego, NY (DD Lobe 2).
When DD Lobes 1.1 and 1.2 were utilized for DD observations, the origin of the Cartesian grid was
DOW6 and when DD Lobe 2 was used, DOW7 served as the grid origin. As in Mulholland et al. (2017),
the three-dimensional wind field was constructed from the objectively-analyzed DOW data using an upward
synthesis method, which integrates the anelastic mass continuity equation upward from the bottom of the
domain, with the assumption that vertical velocity (w) vanishes at the bottom of the domain. Additionally,
a minimum allowable beam crossing angle of 25◦ was used. The DD wind syntheses allow for the calculation
of fields such as vertical velocity, vertical vorticity, and terms in the vertical vorticity equation, such as tilting
and stretching. After the syntheses were complete, these fields were read and plotted using Python codes.
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Figure 2.1: Map depicting the location of sounding and radar assets near eastern Lake Ontario. The three
dual-Doppler lobes used in this study are shown (half circles) along with their baselines and during which
IOPs the lobes were used. Radar positions (DOWs and KTYX) are marked with triangles and sounding




3.1 IOP-2b: 10–12 December 2013
At the beginning of IOP-2b at 2300 UTC 10 December 2013, a broad 500 hPa trough was located over
the Great Lakes Region. At the base of this trough, a shortwave and associated vorticity maximum was
located west of Lake Ontario (Fig. 3.1a), putting the OWLeS domain in an area of synoptic ascent owing to
differential positive vorticity advection (DPVA). At 850 hPa (Fig. 3.1b) over the same region, air temper-
atures were -15◦C which, when paired with the relatively warm lake-surface temperatures [approximately
3◦C; Mulholland et al. (2017)], the resulting temperature difference (∆T) was sufficient for strong lake-effect
convection. A sounding launched at 2308 UTC 10 December from Oswego, NY (Fig. 3.2), shortly after the
beginning of the IOP, indicated a deep boundary layer extending to roughly 580 hPa with unidirectional
winds throughout the layer.
Precipitation began around 2321 UTC over southeastern Lake Ontario and continued through the end
of the IOP at 0200 UTC 12 December. Both cyclonic and anticyclonic shear zones and misovortices were
observed during this event. A prominent cyclonic shear zone and string of misovortices were noted between
0000–0200 UTC 11 December (Fig. 3.3a) and an anticyclonic shear zone and misovortices were present
between 1903–2025 UTC (Fig. 3.3b) and 2101–2313 UTC 11 December (Fig. 3.3c). Most of these features
were concentrated on the south side of the band.
Several boundaries in the middle to south side of the band were observed from 0022–0100 UTC (discussed
further in Chapter 4) and from 1930–2025 UTC (Fig. 3.3b). These boundaries served as foci for misovortex
formation and stretched inland toward the KTYX WSR-88D site. A study by Steenburgh and Campbell
(2017) identified two land-breeze fronts during this IOP. One extended from St. Catharines, ON, to Thirty
Mile Point, NY (Fig. 3.4a) [named land-breeze front 1 in the study (LBF1; Fig. 3.4b)], and the second
extended diagonally roughly parallel to the southeastern shoreline of Lake Ontario near Oswego (LBF2;
Fig. 3.4b). Their analysis suggests that LBF2 was present at the onset of the precipitation and was likely
important in providing the necessary surface convergence to generate banded lake-effect precipitation. The
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Figure 3.1: Analysis of [a, c, e, g] 500 hPa winds (barbs; kts), geopotential height (contoured every 6 dam;
black lines), and absolute vertical vorticity (× 10−5 s−1; color fill) and [b, d, f, h] 850 hPa winds (barbs;
kts), geopotential height (contoured every 3 dam), and temperature (contoured every 3◦C; red or blue) from
the Rapid Refresh (RAP) model initialized at (a, b) 2300 UTC 10 December 2013, (c, d) 2100 UTC 12
December 2013, (e, f) 2200 UTC 15 December 2013, and (g, h) 1200 UTC 18 December 2013. The “×”s
denote vorticity maxima and the “N”s denote vorticity minima.
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Figure 3.2: Sounding launched from Oswego, NY, at 2308 UTC 10 December 2013. The black dotted line
indicates the top of the boundary layer.
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Figure 3.3: WSR-88D 0.5◦ base velocity scans (knots) from Montague, NY (KTYX), on 11 December
2013 depicting a) a cyclonic shear zone and misovortices at 0128 UTC, b) an anticyclonic shear zone and
misovortices along a land-breeze boundary at 2016 UTC, and c) an anticyclonic shear zone and misovortices
at 2119 UTC. Green and blue colors indicate faster winds toward the KTYX radar site and red and orange
colors indicate slower winds toward the radar site. White arrows denote misovortices and the white dashed
line in b) indicates the land-breeze front. The velocity scale is different in panel a).
16
Figure 3.4: a) Topographic map of locations around Lake Ontario with elevation shaded (m). b) A snapshot
from a WRF simulation depicting the land-breeze fronts (denoted by black arrows) using the near-surface
horizontal potential temperature gradient [K (10 km)−1; shaded] at 0600 UTC 11 December. From Steen-
burgh and Campbell (2017).
land-breeze boundaries identified in our radar survey are likely related to LBF2 as both were in roughly the
same position as was described by Steenburgh and Campbell (2017). Additionally, the land-breeze front
may have provided for inland vortex maintenance through added convergence, as vortices were observed
persisting as much as 15 km inland along the front before their dissipation (Fig. 3.3b).
3.2 IOP-3: 12–13 December 2013
The LLAP band during IOP-2b dissipated as a cold front approached during the evening of 11 December.
At 0400 UTC 12 December, a vorticity maximum was moving away from the OWLeS domain, yielding
differential negative vorticity advection (DNVA), and the 850 hPa wind field reveals a relatively short
fetch, which prohibited LLAP band formation despite sufficiently cold 850 hPa temperatures (around -
18◦C). By 0700 UTC 12 December, most precipitation had ceased over Lake Ontario, except for along
the southwestern shore (not shown). WSR-88D data reveals that this precipitation and convergence zone
was advected northward over the center of Lake Ontario between 1000–1300 UTC, likely by a land-breeze
circulation (Fig. 3.5).
Precipitation associated with this convergence zone was not particularly intense throughout the daytime
hours, likely owing large-scale subsidence over the region, and was oriented parallel to the long axis of the
lake.
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Figure 3.5: WSR-88D composite reflectivity (dBZ) mosaic over Lake Ontario and the surrounding region
valid at a) 0928 UTC, b) 1059 UTC, c) 1209 UTC, d) 1301 UTC 12 December 2013. The convergence zone
and associated precipitation is denoted by the white arrows.
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Figure 3.6: Sounding launched from Henderson Harbor, NY, at 2116 UTC 12 December 2013.
19
As IOP-3 began at 2100 UTC, there was a marked increase in precipitation intensity and areal coverage
along the convergence zone. This likely occurred due to several factors: 1) The RAP model analysis reveals
an approaching shortwave trough, leading to synoptic-scale ascent (Fig. 3.1c), 2) cold advection at 850 hPa,
where temperatures had cooled by 2◦C (Fig. 3.1d), and 3) a substantial pressure gradient over the lake,
evidenced by westerly surface winds at 30 knots on a sounding launched from Henderson Harbor, NY, at
2116 UTC 12 December (Fig. 3.6). The winds had been light and variable earlier (not shown).
The band persisted until the IOP ended at 0700 UTC 13 December. Cyclonic shear zones and misovortices
were observed between 2223–0147 UTC on 12 December (Fig. 3.7a) and 0214–0557 UTC on 13 December
(Fig. 3.7b). Misovortices were concentrated on the north side of the band during this event.
3.3 IOP-4: 15–16 December 2013
Surface observations at 2100 UTC 15 December reveal a convergence zone over Lake Ontario at the beginning
of IOP-4, but radar observations reveal no precipitation over the lake, however (not shown). This lack of
precipitation likely occurred owing to a shallow boundary layer immediately behind a cold front that had
traversed the lake in the hours leading up to the IOP. This frontal inversion can be seen near 900 hPa
(Fig. 3.8a) on a sounding launched at 2055 UTC from Sandy Creek, NY. Precipitation began around 2200
UTC over the western portion of the lake and propagated eastward. The RAP model 500 hPa analysis
reveals a strong shortwave trough upstream of the lake at this time (Fig. 3.1e). This trough, coupled with
cold air advection at 850 hPa (Fig. 3.1f) likely aided in the onset of precipitation by providing ascent to
raise the height of the capping inversion and by steepening low-level lapse rates. The 2315 UTC sounding
corroborates this, showing a deep boundary layer, extending to at least 700 hPa, where the sounding was
lost (Fig. 3.8b). Residual capping may have remained, however, as gravity waves were observed within the
LLAP band at 2355 UTC (Fig. 3.9a).
Over the remaining hours of the IOP, the band became intensified until a cold front crossed the lake from
north to south between 0300 and 0500 UTC. The northerly flow behind the front both decreased the fetch
and forced the band inland over the southern shore, where it dissipated by 0700 UTC.
Shear zones and misovortices of both signs were observed between 2304 UTC 15 December and 0300
UTC 16 December. An anticyclonic shear zone was first noted from 2304–0000 UTC along a land-breeze
front that was observed moving northward from the southern shore (Fig. 3.9a). A cyclonic shear zone and
misovortices developed from west to east within the LLAP band between 0000 UTC– 0100 UTC, which
became dominant through 0300 UTC (Fig. 3.9b). A cyclonic shear zone and misovortices were noted again
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Figure 3.7: WSR-88D 0.5◦ base velocity scans (knots) from Montague, NY (KTYX), depicting a cyclonic
shear zone and misovortices at a) 2308 UTC 12 December and b) 0336 UTC 13 December. Green and blue
colors indicate faster winds toward the KTYX radar site and red and orange colors indicate slower winds
toward the radar site. White arrows denote misovortices.
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Figure 3.8: Soundings launched from Sandy Creek, NY, at a) 2055 UTC and b) 2315 UTC 15 December
2013.
between 0347–0637 UTC, this time without a discernible land-breeze boundary present (Fig. 3.9c). Most of
the activity during both time periods was focused in the middle or on the south side of the band.
3.4 IOP-5: 18–19 December 2013
In the hours before the beginning of IOP-5, the environment was characterized by mid-level subsidence, as
the RAP 500 hPa analysis revealed a shortwave trough moving away from the OWLeS domain (Fig. 3.1g).
Despite this, weak surface flow, and the passage of a warm front (which generally discourages lake-effect
precipitation), a LLAP band formed around 1200 UTC 18 December, likely owing to -12◦C 850 hPa temper-
atures (Fig. 3.1h). This LLAP band intensified through the beginning of the IOP at 1600 UTC. A sounding
launched from Oswego, NY, at 1716 UTC (Fig. 3.10) depicts an a environment marginally supportive of a
LLAP event with unidirectional winds throughout the boundary layer and low-level lapse rates supportive
of lake-induced instability. The boundary layer only extended from the surface to 700 hPa, however, which
was shallower than in the other events discussed previously.
Between 1600–2200 UTC, the LLAP band exhibited two areas of cyclonic misovortices along two different
convergence zones, as a single dominant LLAP band failed to form from the otherwise disorganized convection
(Fig. 3.11a). After 2200 UTC, the northernmost convergence zone propagated southward and collided with
the southern one at 2255 UTC. Precipitation then organized into a thin, intense LLAP band with cyclonic
misovortices (Fig. 3.11b) at its center until a cold front passed over the lake at 0000 UTC and precipitation
ended.
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Figure 3.9: WSR-88D 0.5◦ base velocity scans (in knots) from Montague, NY (KTYX), depicting a) an
anticyclonic shear zone and misovortices along with gravity waves and an apparent land-breeze front at 2355
UTC 15 December, b) a cyclonic shear zone and misovortices at 0107 UTC 16 December, and c) a cyclonic
shear zone and misovortices at 0404 UTC 16 December. Green, blue, and purple colors indicate faster winds
toward the KTYX radar site and red and orange colors indicate slower winds toward the radar site. White
arrows denote misovortices and the white dashed line in a) indicates the land-breeze front.
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Figure 3.10: Sounding launched from Oswego, NY, at 1716 UTC 18 December 2013.
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Figure 3.11: WSR-88D 0.5◦ base velocity scans (knots) from Montague, NY (KTYX), depicting a) two
convergence zones, with the northern one exhibiting cyclonic misovortices at 1953 UTC 18 December and
b) a cyclonic shear zone and misovortices at 2319 UTC 18 December. Green and blue colors indicate faster
winds toward the KTYX radar site and red and orange colors indicate slower winds toward the radar site.






DD analyses of IOP-2b feature one cyclonic and one anticyclonic shear zone. The cyclonic shear zone was
analyzed from 0127–0144 UTC 11 December. The eastern part of this shear zone featured a string of five
cyclonic misovortices, evenly spaced by roughly 5 km, and the western part of the shear zone featured three
cyclonic misovortices with roughly 3 km spacing (Fig. 4.1). The vertical vorticity (ζ) associated with these
vortices ranged from 0.5 × 10−2 s−1 to 1.5 × 10−2 s−1. These misovortices were generally located on the
southern side of the band. Inspection of the zonal wind field U reveals that the shear zone separated winds
around 7–10 m s−1 to its north from winds of 15–17 m s−1 to its south. Slight convergence was also present
along the shear zone, evidenced by the wind barbs.
Misovortices were co-located with a band of ascent between 1.5– 3 m s−1 (Fig. 4.2a). There was positive
stretching co-located with the vortices (Fig. 4.2b), owing to w increasing with height just above the surface.
Over time, the maximum w increased to near 4.5 m s−1 as the band moved southward across the DD domain.
As the line of misovortices moved onshore, they dissipated, likely owing to increased friction over land as
well as less stretching owing to the lack of lake-induced buoyancy inland.
An anticyclonic shear zone was analyzed from 2104–2120 UTC 11 December on the southern side of
the band. Winds were around 20 m s−1 to its north and winds were closer to 10 m s−1 to its south. The
anticyclonic misovortices that formed along this shear zone were fairly sparse, with about 6 km spacing;
only three misovortices were tracked during the time period. The strongest misovortex observed possessed
a maximum negative vertical vorticity of -1.5 × 10−2 s−1. The vortices were again co-located with the band
updraft, where values of w approached 4 m s−1 (Fig. 4.3a). Inspection of the stretching field reveals that
negative values of stretching correspond well to the locations of the misovortices (Fig. 4.3b). This makes
sense, since w increasing with height causes negative stretching in the presence of negative vorticity.
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Figure 4.1: Zonal wind component (U ; m s−1; shaded) at 0130 UTC 11 December at z = 750 m, wind
barbs (m s−1; half barb = 5 and full barb = 10), and vertical vorticity (contoured every 0.5 × 10−2 s−1;
solid contours represent positive values and dashed contours represent negative values with the zero contour
suppressed for clarity). This color scale, which makes the identification of the shear zone easier, is only valid
for this time period.
4.1.2 IOP-3
A cyclonic shear zone was analyzed during IOP-3 from 0350–0407 UTC 13 December. This shear zone was
rather diffuse compared to those observed in other LLAP bands (Fig. 4.4a) and it undulated north to south
with time. Cyclonic vortices, characterized by maximum vertical vorticity around 0.5 × 10−2 s−1, formed
within the diffuse shear zone. There were also a few anticyclonic misovortices, but these appeared to form
owing to inhomogeneities in the wind field rather than from the shear zone. Inspection of the w field reveals
a broad band of ascent, roughly 5 km in width, with maximum updrafts between 2 and 4 m s−1 (Fig. 4.4b).
4.1.3 IOP-4
One anticyclonic and two cyclonic shear zones were observed during IOP-4. The anticyclonic shear zone
was analyzed from 2340–2357 UTC 15 December. It was well defined, but environmental winds were slower
than in previous events, with winds around 13 m s−1 north of the shear zone and 3–4.5 m s−1 south of it.
Inspection of the w field reveals gravity waves during this time period and north-south evenly spaced ribbons
of updrafts and downdrafts (Fig. 4.5a). Interestingly, positive stretching, although weak, is associated with
these misovortices, likely owing to descent from the gravity waves (Fig. 4.5b). In the presence of anticyclonic
vertical vorticity, downdrafts increasing with height, as would occur in the descending branches of gravity
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Figure 4.2: a) Vertical velocity (w; m s−1; shaded) and b) stretching (ζ ∂w∂z ; × 10
−4 s−2; shaded) at 0130 UTC
11 December at z = 750 m, wind barbs (m s−1; half barb = 5 and full barb = 10), and vertical vorticity
(contoured every 0.5 × 10−2 s−1; solid contours represent positive values and dashed contours represent
negative values with the zero contour suppressed for clarity).
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Figure 4.3: a) Vertical velocity (w; m s−1; shaded) and b) stretching (ζ ∂w∂z ; × 10
−4 s−2; shaded) at 2107 UTC
11 December at z = 750 m, wind barbs (m s−1; half barb = 5 and full barb = 10), and vertical vorticity
(contoured every 0.5 × 10−2 s−1; solid contours represent positive values and dashed contours represent
negative values with the zero contour suppressed for clarity).
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Figure 4.4: a) Zonal wind component (U ; m s−1; shaded) and b) vertical velocity (w; m s−1; shaded) at
0354 UTC 13 December at z = 750 m, wind barbs (m s−1; half barb = 5 and full barb = 10), and vertical
vorticity (contoured every 0.5 × 10−2 s−1; solid contours represent positive values and dashed contours
represent negative values with the zero contour suppressed for clarity). Dashed black lines in b) denote the
area of strongest ascent. The U color scale, which enhances the visibility of the shear zone, is only valid for
this time period.
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waves, would yield ∂w∂z < 0 and a positive vertical vorticity tendency, which weakens anticyclonic vortices
and explains their relative lack of intensity at this time.
Both a cyclonic and an anticyclonic shear zone were analyzed from 0117–0134 UTC 16 December. A
string of weak cyclonic misovortices was observed with roughly 4 km spacing co-located with a band of
positive w of 1.5–3 m s−1. An anticyclonic shear zone had been present earlier, before a cyclonic shear
zone and associated misovortices arrived from the west. Both shear zones are present during this time
period, with the cyclonic shear zone being dominant and producing misovortices (Fig. 4.6). Some cyclonic
misovortices that formed along the cyclonic shear zone propagated eastward, and then became embedded
within the anticyclonic shear zone farther east. A more detailed discussion of this evolution is presented in
section 4.4.
Another cyclonic shear zone was observed from 0520–0537 UTC. Strings of cyclonic misovortices were
observed with an even spacing of 5 km within a well-defined shear zone and band of ascent. Vertical vorticity
values ranged from 1.5 to 2 × 10−2 s−1 during this time period (not shown).
4.1.4 IOP-5
A cyclonic shear zone was analyzed from 2310–2327 UTC 18 December. This LLAP band was thinner than
the other LLAP bands, with a width of only around 7 km. Nevertheless, cyclonic misovortices formed in the
middle of this band along a well-defined shear zone (Fig. 4.7a). At the beginning of the analysis period, eight
misovortices, roughly 2-3 km apart, were located along this shear zone and associated band of ascent. They
were relatively weak, however, only exhibiting peak vertical vorticity values between 0.5 to 1 × 10−2 s−1.
As time progressed, one of these misovortices became dominant and developed a weak-echo hole (Fig. 4.7b),
while misovortices closer to the shoreline dissipated owing to decreasing ascent with time (not shown). A
vertical cross-section through the strongest misovortex at 2320 UTC (Fig. 4.7b) reveals that it was enclosed
by updrafts on either side. In the center, a weak downdraft was observed. This and the centrifuging of
hydrometeors likely contributed to the observed weak-echo hole associated with this vortex.
4.2 Anticyclonic Shear Zone Formation
The formation of cyclonic shear zones has been attributed to band-induced convergence in past studies
(e.g., Steiger et al. 2013; Mulholland et al. 2017). From the observations herein, it is hypothesized that the
formation of anticyclonic shear zones arises through two processes, both owing to the ingestion of land-breeze
circulations from the southern shore of Lake Ontario into LLAP bands.
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Figure 4.5: a) Vertical velocity (w; m s−1; shaded) and b) stretching (ζ ∂w∂z ; × 10
−4 s−2; shaded) at 2347
UTC 11 December at z = 750 m, wind barbs (m s−1; half barb = 5 and full barb = 10), and vertical
vorticity (contoured every 0.25 × 10−2 s−1 here for better visibility; solid contours represent positive values
and dashed contours represent negative values with the zero contour suppressed for clarity).
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Figure 4.6: Zonal wind component (U ; m s−1; shaded) at 0127 UTC 16 December at z = 750 m, wind
barbs (m s−1; half barb = 5 and full barb = 10), and vertical vorticity (contoured every 0.5 × 10−2 s−1;
solid contours represent positive values and dashed contours represent negative values with the zero contour
suppressed for clarity). The solid black line marks the approximate location of the cyclonic shear zone and
the dashed black line marks the approximate location of the anticyclonic shear zone. This color scale is only
valid for this time period.
In the first mechanism of anticyclonic shear zone formation, a land-breeze circulation from the south-
western shore of Lake Ontario is ingested into a LLAP band over eastern Lake Ontario. One such occurrence
happened during IOP-2b. Inspection of the WSR-88D data from Buffalo, NY (KBUF), at 1711 UTC 11 De-
cember during IOP-2b (roughly three hours before anticyclonic misovortices were observed) reveals a LLAP
band over Lake Erie, with an embedded cyclonic shear zone and misovortices (Fig. 4.8a). Downwind over
Lake Ontario at roughly the same time, another LLAP band was also occurring, but it lacked a discernible
shear zone (Fig. 4.8b). Three hours later, at 2025 UTC, anticyclonic misovortices began to form within the
LLAP band over Lake Ontario (Fig. 4.8c), and by 2100 UTC, a fully developed anticyclonic shear zone with
attendant misovortices was present within the LLAP band over eastern Lake Ontario (Fig. 4.8d). Inspection
of KBUF reflectivity data at 2057 UTC (Fig. 4.8e) also reveals that the western extent of the LLAP band
over Lake Ontario was co-located with LBF1, also identified by Steenburgh and Campbell (2017). With this
change in shear zone sign between lakes and the position of the Lake Ontario LLAP band over the southwest-
ern shore of Lake Ontario, it is hypothesized that LBF1 was crucial to the genesis of the anticyclonic shear
zone in this case. Under regimes of west-southwesterly boundary layer flow, discontinuities in environmental
kinematics and thermodynamics arise over the southwestern shore of Lake Ontario. Air coming from the
land is colder, denser, and slower owing to friction, while air over the lake remains warmer, more buoyant,
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Figure 4.7: a) Zonal wind component (U ; m s−1; shaded) at at 2320 UTC 16 December z = 750 m, wind
barbs (m s−1; half barb = 5 and full barb = 10), and vertical vorticity (contoured every 0.5 × 10−2 s−1;
solid contours represent positive values and dashed contours represent negative values with the zero contour
suppressed for clarity). The U color scale is only valid for this time period. b) Vertical cross-section along
the dashed black line in a) with DOW7 reflectivity (dBZ; shaded), vertical vorticity (contoured every 0.25 ×
10−2 s−1; solid contours represent positive values and dashed contours represent negative values with the zero
contour suppressed for clarity), and arrows representing the wind vectors in the plane of the cross-section
(m s−1).
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and faster owing to stronger sensible and latent heat fluxes and less friction. This creates a land-breeze front
and an attendant horizontal shear zone with faster winds to the north and slower winds to the south, with
anticyclonic vorticity present along the interface. This anticyclonic land-breeze circulation is then advected
downwind by the prevailing flow, where it is can be ingested by a LLAP band and strengthened by conver-
gence within the band, creating an embedded anticyclonic shear zone. This advection was apparent in the
WSR-88D data (Figs. 4.8c, d), as anticyclonic vortices developed within the LLAP band from west to east.
The second method of anticyclonic shear zone formation also arises owing to the ingestion of a land-breeze
circulation from the southern shore of Lake Ontario, this was also observed during IOP-2b. Inspection of
WSR-88D radial velocity data from KTYX beginning at 0012 UTC 11 December and continuing through
0045 UTC 11 December reveals an apparent land-breeze front moving northward, giving rise to a diffuse
anticyclonic shear zone and anticyclonic misovortices (Figs. 4.9a–d). Again owing to differences in friction,
winds south of the land-breeze front are slower than winds north of it, resulting in anticyclonic vorticity
along the boundary. Judging by the position of the land-breeze front along the southeastern shore of Lake
Ontario, this method of anticyclonic shear zone formation likely arises owing to LBF2, also described by
Steenburgh and Campbell (2017). This method of shear zone formation was also observed in IOP-4 from
roughly 2300 UTC 15 December through 0100 UTC 16 December (not shown).
4.3 Evaluation of Horizontal Shearing Instability (HSI) Criteria
Studies by Lee and Wilhelmson (1997) and Marquis et al. (2007) have attributed the development of lines
of misovortices along horizontal shear zones to the release of HSI. With similar structures observed during
LLAP events, it has been hypothesized that the release of HSI is the primary formation mechanism of
misovortices during these events. Mulholland et al. (2017) tested for the presence of HSI within a LLAP
band from IOP-7 using two instability criteria: Rayleigh’s instability criterion (RIC; Rayleigh 1880) and
Fjørtoft’s instability criterion (FIC; Fjørtoft 1950). RIC states that β − (∂
2ū
∂y2 ) must change sign somewhere
in the flow for HSI to be present. In this equation, β = ∂f∂y , where f is the Coriolis parameter, y is the
meridional direction, and ū is the mean wind component parallel to the wind shift. A scale analysis with f
= 10−4 s−1 and y = 107 m yields β on the order of 10−11 m−1 s−1. ∂
2ū
∂y2 scales as 10
−7 m−1 s−1, however,
assuming ∆ū = 10 m s−1 and ∆y = 104 m (a typical cross-band length scale). Thus β scales out, meaning
that a sign change in ∂
2ū
∂y2 (i.e., an inflection point in the flow) satisfies RIC. FIC is a more stringently-derived
criterion that requires (∂
2ū
∂y2 )(ū − ūI) < 0 somewhere in the flow to be satisfied. In this equation, ūI is the
zonal wind component at the inflection point. Please see Markowski and Richardson (2010, p 63–64) for a
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Figure 4.8: WSR-88D 0.5◦ base velocity scans (knots) from a) Buffalo, NY (KBUF), at 1711 UTC 11
December, b) Montague, NY (KTYX), at 1704 UTC 11 December, c) KTYX at 2025 UTC 11 December,
and d) KTYX at 2100 UTC 11 December. e) WSR-88D 0.5◦ Reflectivity (dBZ) from KBUF at 2057 UTC
11 December. An anticyclonic misovortex is denoted in c) by the arrow and the location of LBF1 in e) is
indicated by the dashed line.
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Figure 4.9: WSR-88D 0.5◦ base velocity scans (knots) from Montague, NY (KTYX), at a) 0012 UTC 11
December, b) 0023 UTC 11 December, c) 0034 UTC 11 December, and d) 0045 UTC 11 December. Dashed
lines in (b–d) depict the location of LBF2 and the white arrows in (c, d) depict misovortices.
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detailed derivation of these criteria. Satisfaction of both of these criteria somewhere in the flow is a necessary
but insufficient condition for the presence of HSI.
Inspection of cyclonic misovortices from the DD wind syntheses reveals that both criteria were satisfied
at the location of the misovortices in every case. In IOP-2b at 0127 UTC, a cyclonic shear zone and
misovortices were located roughly 5.5 km south of DOW6 (Fig. 4.10a). Inspection of RIC and FIC reveal
that both criteria were satisfied along the shear zone, as the shear zone is in close proximity to where RIC
is zero (Fig. 4.10b; y = -4.5 km) and within the range where FIC is negative, between y = -4.5– -7.5 km
(Fig. 4.10c). This is also the case in IOP-3 at 0400 UTC. The cyclonic shear zone is 10 km north of DOW6
(Fig. 4.10d) and overlaps with where both RIC and FIC are satisfied (Figs. 4.10e, f).
Both criteria are also satisfied for the cyclonic cases analyzed in IOP-4. At 0127 UTC, there was a shear
zone roughly 12 km north of DOW7 (Fig. 4.11a), which matches where RIC is satisfied (Fig. 4.11b) and is in
the zone where FIC is met (Fig. 4.11c). This is also true at 0530 UTC, when the shear zone is 9 km north of
DOW7 (Figs. 4.11d–f). The shear zone within the thin LLAP band from IOP-5 also satisfies both criteria.
The shear zone in this band was 1.5 km north of DOW6 (Fig. 4.11g), while RIC is satisfied at roughly y =
0.8 km and FIC is satisfied everywhere north of y = 0.8 km (Figs. 4.11h, i).
Inspection of the instability criteria for the anticyclonic misovortices reveals that both criteria are satisfied
for all cases analyzed as well. An anticyclonic shear zone and misovortices were identified roughly 7.5 km
south of DOW6 in IOP-2b at 2104 UTC (Fig. 4.12a). In this case, RIC is satisfied at y = -7 km and FIC is
satisfied between y = -6.5 and -8.5 km (Figs. 4.12b, c), which correspond well. In IOP-4 at 2354 UTC, an
anticyclonic shear zone was identified roughly 12 km north of DOW7 (Fig. 4.12d). Again, both criteria are
satisfied along the shear zone (Figs. 4.12e, f). The satisfaction of these criteria for all cases of misovortices
analyzed strongly suggests that the release of HSI is the primary method of misovortex formation in these
bands.
4.4 Cyclonic-anticyclonic Vortex Couplets
A competing theory for misovortexgenesis along convergence lines is the tilting of horizontal vorticity into
the vertical (e.g., Arnott et al. 2006). Regimes of westerly shear are commonly associated with LLAP
bands over the eastern Great Lakes, owing to westerly winds in the boundary layer increasing with height.
In such regimes, tilting of horizontal vorticity leads to cyclonic-anticyclonic vortex couplets straddling an
updraft, with a cyclonic vortex to the south and an anticyclonic vortex to the north. In our DD analyses,
this pattern was generally not observed. When cyclonic-anticyclonic vortex couplets were observed, the
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Figure 4.10: (a, d) ū, (b, e) RIC, and (c, f) FIC for cases of cyclonic misovortices from (a, b, c) IOP-2b
at 0127 UTC and (d, e, f) IOP-3 at 2354 UTC. Red dashed lines (and shading for FIC) represent where a
criterion is satisfied and solid red lines represent the north-south position of the shear zone. Blue dots in
(a, d) indicate ū at the position of the shear zone. The Figures shown are representative of the entire time
period analyzed.
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Figure 4.11: (a, d, g) ū, (b, e, h) RIC, and (c, f, i) FIC for cases of cyclonic misovortices from (a, b, c)
IOP-4 at 0127 UTC, (d, e, f) IOP-4 at 0530 UTC, and (g, h, i) IOP-5 at 2314 UTC. Red dashed lines (and
shading for FIC) represent where a criterion is satisfied and solid red lines represent the north-south position
of the shear zone. Blue dots in (a, d, g) indicate ū at the position of the shear zone. The Figures shown are
representative of the entire time period analyzed.
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Figure 4.12: (a, d) ū, (b, e) RIC, and (c, f) FIC for cases of anticyclonic misovortices from (a, b, c) IOP-2b
at 2104 UTC and (d, e, f) IOP-4 at 2354 UTC. Red dashed lines (and shading for FIC) represent where a
criterion is satisfied and solid red lines represent the north-south position of the shear zone. Blue dots in
(a, d) indicate ū at the position of the shear zone. The Figures shown are representative of the entire time
period analyzed.
41
anticyclonic vortices were either transient, not lasting for longer than 6 minutes in the DD analyses (e.g.,
analyses from IOP-2 and IOP-4; not shown) or they were not associated with every cyclonic vortex within
a line of vortices. These findings agree with those of Mulholland et al. (2017), who noted a relative lack
of cyclonic-anticyclonic couplets in IOP-7 and conclude that tilting may be muted relative to the release
of HSI. Furthermore, in regimes of anticyclonic shear zones and misovortices analyzed herein, no cyclonic
misovortices were observed at any time, and consequently no couplets were observed. If tilting was active
in forming these anticyclonic vortices, cyclonic vortices would have been present south of the anticyclonic
vortices owing to the westerly shear, and this was not observed. With the vortices preferentially forming
along observed pre-existing shear zones, the HSI criteria being met for all cases analyzed via DD wind
syntheses in this study, and evidence of vortex tilting lacking, further support is added to the hypothesis
proposed by Steiger et al. (2013) and Mulholland et al. (2017) that the release of HSI is the primary method
of misovortex formation within LLAP bands.
Often, anticyclonic misovortices were present in locations relative to cyclonic misovortices unsupported
by vortex tilting (i.e., to the south or to the west of cyclonic misovortices). Such instances occurred in
IOP-3 and IOP-4. In IOP-3, it is likely that the anticyclonic misovortices arose partially owing to the diffuse
nature of the shear zone. Although the shear zone was cyclonic, the interface was not as well defined as
other shear zones observed. This allowed for localized zonal wind maxima and minima to develop, permitting
isolated anticyclonic misovortices to also form. In IOP-4, cyclonic misovortices were advected eastward from
a parent cyclonic shear zone and became embedded in an anticyclonic shear zone. The cyclonic misovortices
maintained their intensity, likely via vortex stretching, while anticyclonic vortices formed on their southern
flanks. In this instance, we hypothesize that momentum advection allowed for the creation of the vortex
couplets as follows: 1) A cyclonic misovortex is advected into an anticyclonic shear zone, characterized
by faster westerly winds to the north and slower westerly winds to the south (Fig. 4.13a). 2) Through
the cyclonic rotation of the misovortex, faster zonal momentum is advected around the western and to
the southern side of the vortex (Fig. 4.13b). 3) Stronger anticyclonic vorticity is induced southwest of the
cyclonic vortex, allowing for the preferential development of anticyclonic misovortices there (Fig. 4.13c).
This is hypothesis corroborated by the absence of anticyclonic misovortices in this case, except for southwest
of the cyclonic misovortices.
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Figure 4.13: Schematic depicting how a cyclonic misovortex a) is advected into an anticyclonic shear zone, b)
warps the shear zone via momentum advection around its western and southwestern flank, and c) generates




During the winter of 2013–14, the OWLeS project was conducted to gain a better understanding of the
internal structure of lake-effect snowstorms over Lake Ontario through the collection of in-situ observations.
This project encompassed 24 IOPs; of these IOPs, 12 contained LLAP bands, many of which featured
misovortices. In previous lake-effect field campaigns, the lack of DD observations made the study of possible
formation mechanisms of these misovortices impossible, but the use of multiple mobile Doppler radars during
OWLeS allowed for DD wind syntheses to be constructed. A previous study by Mulholland et al. (2017)
used DD observations and a WRF simulation to study a single LLAP band from OWLeS and verified that
all shear zones and misovortices within that band were cyclonic. Furthermore, two separate criteria for HSI
were satisfied along the shear zone within that band, meaning that HSI was likely the primary method of
vortex formation within the band.
In this study, LLAP bands from four additional IOPs were analyzed using WSR-88D and DD observa-
tions. Analyses of the synoptic regimes using RAP model data and in-situ surface and upper-air observations
during these events revealed that the bands formed in environments generally characterized by DPVA from
an upstream shortwave at 500 hPa, temperatures at 850 hPa at or below -12◦C, a deep boundary layer reach-
ing from the surface to 700 hPa or higher, unidirectional winds throughout the depth of the boundary layer,
and boundary layer winds parallel to the long axis of Lake Ontario. Inspection of WSR-88D data collected
during these IOPs revealed the presence of both anticyclonic and cyclonic shear zones and misovortices at
various times, with several instances of land breeze fronts.
DD analyses from each IOP encompassed roughly 17-minute time periods. During these periods, misovor-
tices were observed to propagate along shear zones of the same sign. These vortices were generally co-located
with areas of convergence and areas of updraft between 1.5–3 m s−1 at 750 m, with locally stronger updrafts
also present. This overlap between the misovortices and updrafts helped sustain the vortices via vortex
stretching. These vortices persisted up to 15 km inland at times, before dissipating due to weaker ascent
and less vortex stretching over the colder land. The spacing of vortices varied from 3 km to as much as 7
km, and none of the vortices interacted with each other or merged, which roughly matched findings from
44
Mulholland et al. (2017). A cross-section through a large cyclonic misovortex revealed updrafts surrounding
the vortex and a downdraft at its center. Anticyclonic shear zones were hypothesized to develop owing to
the ingestion of land-breeze circulations from the southern shore of Lake Ontario into LLAP bands.
The release of HSI was evaluated using RIC and FIC. It was shown that both criteria were satisfied at
the location of the shear zone and vortices for all events analyzed, both cyclonic and anticyclonic. This lends
further validity to the leading hypothesis proposed by Steiger et al. (2013) and Mulholland et al. (2017) that
the release of HSI is the primary formation mechanism of these vortices. Furthermore, cyclonic-anticyclonic
couplets were rarely observed in an orientation consistent with vortex tilting in westerly shear to have been
the cause. It is likely that the observed couplets were caused by either small-scale inhomogeneities in the
wind field or cyclonic misovortices being advected into an anticyclonic shear zone.
The observations and results presented herein open many avenues for further research. Although further
validity was added to the HSI hypothesis and the presence of anticyclonic shear zones was verified, there
still remains the need for lake-effect misovortex DD observations encompassing longer time periods and at
the time of misovortexgenesis. DD observations of land-breeze circulations may prove useful as well, as
these features appear to be intimately linked to LLAP band and misovortex formation. Future research
surrounding the misovortices can focus on more detailed surface in-situ observations including wind speed,
their effects upon snowfall rate, hydrometeor characteristics, and relationship to waterspouts.
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